The molecular breeding of drought stress-tolerant crops is imperative for stable food and biomass production. However, a trade-off exists between plant growth and drought stress tolerance. Many drought stress-tolerant plants overexpressing stress-inducible genes, such as DEHYDRATION-RESPONSIVE ELE-MENT-BINDING PROTEIN 1A (DREB1A), show severe growth retardation. Here, we demonstrate that the growth of DREB1A-overexpressing Arabidopsis plants could be improved by co-expressing growth-enhancing genes whose expression is repressed under drought stress conditions. We used Arabidopsis GA REQUIRING 5 (GA5), which encodes a rate-limiting gibberellin biosynthetic enzyme, and PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), which encodes a transcription factor regulating cell growth in response to light and temperature, for growth improvement. We observed an enhanced biomass and floral induction in the GA5 DREB1A and PIF4 DREB1A double overexpressors compared with those in the DREB1A overexpressors. Although the GA5 DREB1A double overexpressors continued to show high levels of drought stress tolerance, the PIF4 DREB1A double overexpressors showed lower levels of stress tolerance than the DREB1A overexpressors due to repressed expression of DREB1A. A multiomics analysis of the GA5 DREB1A double overexpressors showed that the co-expression of GA5 and DREB1A additively affected primary metabolism, gene expression and plant hormone profiles in the plants. These multidirectional analyses indicate that the inherent trade-off between growth and drought stress tolerance in plants can be overcome by appropriate gene-stacking approaches. Our study provides a basis for using genetic modification to improve the growth of drought stress-tolerant plants for the stable production of food and biomass.
INTRODUCTION
Agricultural production is affected by various environmental stresses. Among these stresses, drought causes severe damage to crops (Boyer, 1982; Tester and Langridge, 2010; Lesk et al., 2016) . Therefore, the molecular breeding of drought stress-tolerant crops is absolutely imperative for stable food and biomass production. Plant growth is inhibited under drought stress conditions through the repression of gene expression related to cell division and proliferation (Claeys and Inze, 2013; Todaka et al., 2017) . In addition, many drought stress-tolerant plants generated by the overexpression of stress-inducible genes show dwarf phenotypes and low productivity (Liu et al., 1998; Kasuga et al., 1999 Kasuga et al., , 2004 Hsieh et al., 2002; Zhang et al., 2005; Ito et al., 2006; Bhatnagar-Mathur et al., 2007; Morran et al., 2011) . However, the trade-off between plant growth and drought stress tolerance greatly varies between plant species. For example, Erianthus, which is a species closely related to sugarcane, shows both high levels of growth ability and drought stress tolerance (Augustine et al., 2015) . Therefore, overcoming the inherent trade-off between growth and drought stress tolerance in plants is possible. We previously reported that the heterogeneous co-expression of rice phytochrome-interacting factor like1 (OsPIL1) enhanced cell elongation in dehydration-responsive element-binding protein 1A (DREB1A)-overexpressing Arabidopsis plants; however, the rosette size and biomass of the transgenic plants could not be increased (Kudo et al., 2017) . Taken together, gene-stacking approaches using regulatory genes appear capable of modulating the balance between growth in drought stress-tolerant plants, but no definite conclusion has been obtained, and serious problems persist in agricultural applications. Here, we tried to solve the serious problems of DREB1A overexpressors by co-expressing homogeneous growth-enhancing genes whose expression is repressed under drought stress conditions.
The overexpression of DREB1A has been reported to improve drought stress tolerance in various crops, suggesting that DREB1A is among the most useful genes in agricultural applications . The overexpression of DREB1A also causes severe dwarfism and late flowering in plants (Liu et al., 1998; Seo et al., 2009) . Because DREB1A upregulates the expression of many genes induced by drought stress, the dwarfism exhibited by DREB1A overexpressors may reflect growth suppression under drought stress conditions in plants. Therefore, improving the growth of DREB1A-overexpressing plants could lead to the elucidation of the mechanisms underlying the trade-off between plant stress tolerance and growth under drought conditions, and is expected to be useful for establishing molecular breeding techniques that increase both plant growth and stress tolerance. The phytochrome-interacting factor (PIF) family proteins play a role in the regulation of shade avoidance responses by interacting with light-activated phytochrome proteins, and enhance stem elongation and hyponastic growth in plants (Koini et al., 2009; Franklin et al., 2011; Hornitschek et al., 2012; Kumar et al., 2012) . PIF4, which is a PIF family protein in Arabidopsis, regulates growth in response to light and high temperatures, and its overexpression leads to enhanced hypocotyl/petiole elongation and an early-flowering phenotype (Koini et al., 2009; Kumar et al., 2012) . PIF4 increases organ growth and induces flowering by directly upregulating cell wall-related genes, auxin-related genes and a florigen gene (Kumar et al., 2012; Nomoto et al., 2012; Oh et al., 2012; Sun et al., 2012) . Gibberellins (GAs) are plant hormones that regulate plant growth and development, including stem elongation, leaf expansion, and flower and seed development (Yamaguchi, 2008) . In the biosynthesis pathway of bioactive GA, GA 20-oxidase (GA20ox) is involved in the rate-limiting steps, and its overexpression, including Arabidopsis GA REQUIRING 5 (GA5), has been reported to enhance stem elongation and leaf expansion in plants (Huang et al., 1998; Coles et al., 1999; Oikawa et al., 2004; Nelissen et al., 2012; Voorend et al., 2016) . In contrast, the overexpression of DREB1 family genes is known to reduce endogenous bioactive GA levels in plants (Achard et al., 2008; Suo et al., 2012; Zhou et al., 2017) .
In this study, we used PIF4 and GA5 as growth-enhancing genes, and evaluated the effects of the co-expression of these growth-enhancing genes with DREB1A on improving the growth of drought stress-tolerant plants. We generated double transgenic plants overexpressing both PIF4/ GA5 and DREB1A, and analyzed their growth, abiotic stress tolerance, metabolite profiles, plant hormone profiles and transcript profiles. According to this multidirectional analysis, the co-expression of growth-enhancing genes and DREB1A additively affected the phenotype, primary metabolism, plant hormone content and gene expression in these double overexpressors. Here, we demonstrate that the growth of DREB1A overexpressors could be improved by the co-expression of a suitable gene whose expression is repressed under drought stress conditions, and that the trade-off between growth and abiotic stress tolerance can be overcome by appropriate gene-stacking approaches in plants.
RESULTS

Screening of growth-enhancing genes
The overexpression of the Arabidopsis DREB1A gene has been reported to enhance abiotic stress tolerance in various crops, but it causes serious dwarfism in many plant species (Liu et al., 1998; Kasuga et al., 2004; Ito et al., 2006; Bhatnagar-Mathur et al., 2007; Suo et al., 2012) . To improve the growth of DREB1A-overexpressing Arabidopsis plants, we selected signal transduction-related genes [PIF4, AINTEGUMENTA (ANT) and auxin-regulated gene involved in organ size (ARGOS)], cell wall-related genes (EXPANSIN As; EXPA1 and EXPA8) and plant hormone biosynthetic genes [GA REQUIRING 4/GIBBERELLIN 3-OXI-DASE 1 (GA4/GA3ox1), GA5/GA20ox1 and YUCCA8 (YUC8)] as growth-enhancing gene candidates. We focused on the eight genes as growth-enhancing gene candidates because these genes have already been reported to affect plant growth and morphology according to gain-or loss-of-function analyses. Overexpression of PIF4 enhanced hypocotyl elongation (de Lucas et al., 2008; Koini et al., 2009) . ANT or ARGOS overexpression increased plant organ size (Mizukami and Fischer, 2000; Hu et al., 2003) . EXPA family genes modulated leaf growth (Cho and Cosgrove, 2000) . Mutated GA4 or GA5 caused dwarfism (Talon et al., 1990; Xu et al., 1997) , and GA5 overexpression enhanced hypocotyl and stem elongation (Huang et al., 1998) . Overexpression of YUC8 enhanced shoot growth (Hentrich et al., 2013) . We challenged the notion that the growth of DREB1A overexpressors could be improved by the co-expression of these growth-enhancing genes.
The co-expression of Arabidopsis genes that are repressed under drought stress conditions with DREB1A as partners is expected to be an effective strategy for plant genetic engineering to improve both drought stress tolerance and growth. Thus, we first analyzed the expression levels of these candidate genes in wild-type plants (Col-0) under drought stress conditions (Figures 1 and S1 ). Then, water was withheld for 2 weeks, the growth of the rosette leaves of the Col-0 plants was repressed (Figure 1a) , and the expression levels of RD29A and DREB1A were elevated (Figure 1c) . Among the candidate genes, the expression levels of PIF4, EXPA1, EXPA8, GA5 and YUC8 were significantly decreased, and the expression levels of GA4 were increased in the stressed rosette leaves (Figure 1a and c) . The expression levels of ANT and ARGOS were unchanged under drought stress conditions ( Figure 1c) . Next, we analyzed the expression levels of these genes in the DREB1A overexpressors used in this study (Figure 1b) . The expression levels of PIF4, ARGOS, EXPA1 and EXPA8 were repressed in the DREB1A overexpressors ( Figure 1c ). Taken together, we expected that PIF4 and EXPAs might be better partners for co-expression with DREB1A as the expression levels of these genes were decreased both under drought stress conditions and in the DREB1A overexpressors (Figure 1 ). Furthermore, GA5 and YUC8 might be superior partners that can act independently on DREB1A (Figure 1 ). Thus, we selected PIF4 and GA5 as growth-enhancing genes from these two candidate groups that showed different expression patterns in the DREB1A overexpressors.
Prior to the analysis of the transgenic plants overexpressing both DREB1A and the growth-enhancing genes, we performed several experiments to confirm that the coexpression of the two growth-enhancing transgenes caused adverse effects in Arabidopsis plants (Figures S2 and S3) . First, we performed transactivation assays using Arabidopsis mesophyll protoplasts to determine the effects of the co-expression of the PIF4 and DREB1A transcription factors on transactivation activities ( Figure S2 ). PIF4 and DREB1A have been reported to recognize the cis-acting elements G-box (CACGTG) and DRE (A/GCCGAC), respectively (Liu et al., 1998; Leivar and Monte, 2014) . When PIF4 and DREB1A were co-expressed in protoplasts, high transactivation activity was observed in both the G-box:GUS and DRE:GUS reporters ( Figure S2 ). Moreover, PIF4 enhanced the transactivation activity of DREB1A in the DRE:GUS reporter. These results indicate that PIF4 and DREB1A at least did not negatively affect each other's transactivation activities in the Arabidopsis protoplasts. Next, to confirm the effect of the co-expression of GA5 and DREB1A, we analyzed growth and abiotic stress tolerance following GA application in DREB1A overexpressors ( Figure S3 ). In previous studies, a negative correlation between the amount of bioactive GA and abiotic stress tolerance was observed. (a) Drought stress treatment of wild-type plants. For the control, the plants were grown on agar medium for 13 days and then in soil pots for 19 days under irrigated conditions. For the drought stress treatment, the plants were grown on agar medium for 13 days and then in soil pots for 3 days; watering was then withheld from 16-day-old plants for 2 weeks. Scale bars: 1 cm.
(b) Morphology of the DREB1A overexpressors. The plants were grown on agar medium for 12 days. Scale bars: 1 cm. VC represents the vector control plants.
(c) Expression levels of drought-induced genes, signal transduction-related genes, cell wall-related genes and plant hormone biosynthetic genes in the plants as measured by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). The relative expression levels were normalized with the control conditions or VC, and were log2-transformed. Yellow and blue colors show increased and decreased levels, respectively. Asterisks indicate significant differences versus the control condition (*P < 0.05, **P < 0.01, ***P < 0.001 according to Tukey's multiple range test, n > 4).
The GA-deficient ga1-3 mutant showed increased high-salinity stress tolerance (Achard et al., 2006) . Furthermore, the Col-0 plants showed a decreased tolerance to high-salinity stress following the application of GA (Magome et al., 2004) . The DREB1A overexpressors showed improved hypocotyl growth following the application of 10 lM GA 3 , which is similar to that observed in vector control plants ( Figure S3a ). The rosette growth of the DREB1A overexpressors was also improved by the GA 3 application, as previously described ( Figure S3b ; Zhou et al., 2017) . Thus, we analyzed the freezing stress tolerance of DREB1A overexpressors in response to GA 3 application ( Figure S3c ). The DREB1A overexpressors showed improved freezing stress tolerance even in response to GA 3 treatment ( Figure S3c ). These results indicate that bioactive GA could positively affect growth and did not negatively affect abiotic stress tolerance in DREB1A overexpressors. These results support that the co-expression of PIF4 or GA5 with DREB1A may not cause adverse effects in Arabidopsis plants.
Growth analysis of double overexpressors
Even when using stress-inducible promoters, growth retardation appears to be unavoidable under long-term drought stress conditions because of the prolonged overexpression of drought tolerance transgenes. Additionally, it is necessary to select optimal stress-inducible promoters for each plant species because of differences in tissue specificity (Kudo et al., 2017) . Therefore, additional approaches using constitutive promoters are required to improve the growth of stress-tolerant plants. We attempted to generate transgenic Arabidopsis plants overexpressing both DREB1A and candidate genes using the constitutive CaMV 35S promoter. We obtained six lines of PIF4 DREB1A double overexpressors by crossing DREB1A overexpressors with PIF4 overexpressors (Table S1 ). Among all obtained PIF4 DREB1A double overexpressors, the expression levels of DREB1A were lower than those in the parent DREB1A overexpressors ( Figure 2a ). We also obtained four lines of GA5 DREB1A double overexpressors by Agrobacteriummediated transformation with DREB1A overexpressors (Table S1 ). In the GA5 DREB1A double overexpressors, the expression levels of DREB1A were similar to those of the parent DREB1A overexpressors (Figure 2b ). Then, we performed growth analyses, and compared the hypocotyl length, rosette size, root length, biomass, seed yield and flowering time of the two double overexpressors with those of the DREB1A overexpressors. The overexpression of PIF4 and GA5 is known to enhance cell elongation; thus, we first measured the hypocotyl length of 7-day-old plants. The PIF4 and GA5 single overexpressors showed enhanced hypocotyl elongation, as previously described (Figure 2c and d ; Huang et al., 1998; de Lucas et al., 2008; Koini et al., 2009) . The hypocotyl length of the two double overexpressors was also increased compared with that of the vector control plants (Figure 2c and d) . Next, we analyzed the rosette size and primary root length of 2-weekold plants (Figures 2c and e, and S5) . The rosette size of the two double overexpressors was increased compared with that of the DREB1A overexpressors ( Figure 2e ). The primary root length of the PIF4 DREB1A double overexpressors and the GA5 DREB1A double overexpressors tended to be decreased compared with that of not only the vector control plants but also the DREB1A overexpressors ( Figure S5 ). These results suggest that primary root growth was negatively affected by the co-expression of both growth-enhancing genes and DREB1A. Next, we measured the biomass of mature plants grown for 6 and 8 weeks (Figures 3a-e and S6). The fresh weight and shoot length of the two double overexpressors tended to be increased compared with those of the DREB1A overexpressors. In addition, we evaluated the seed yield of the two double overexpressors ( Figure S7 ). Significant differences in seed weight were not observed between the transgenic plants and the vector control plants; thus, the yield penalty was not observed in the two double overexpressors ( Figure S7 ). Then, we analyzed the flowering time of the two double overexpressors under irrigated conditions (Figure 3f and g). The flowering times of the PIF4 DREB1A and the GA5 DREB1A double overexpressors were 14-17 days and 10-17 days earlier than that of the DREB1A overexpressors, respectively (Figure 3f and g). These results indicate that the co-expression of PIF4 or GA5 could improve the growth of the DREB1A overexpressors.
Abiotic stress tolerance of double overexpressors
The overexpression of DREB1A enhances drought and freezing stress tolerance (Liu et al., 1998) ; thus, we performed stress tolerance tests ( Figure 4 ). To investigate the drought stress levels exerted on the tested pot plants, we measured their pot weights under the non-stress and drought stress conditions. The results indicated that there was almost no difference in stress levels in the tested plants ( Figure S8 ). Compared with the vector control plants, the PIF4 DREB1A double overexpressors showed improved drought and freezing stress tolerance (Figure 4a and c). However, all obtained lines of the PIF4 DREB1A double overexpressors exhibited lower expression levels of DREB1A and lower stress tolerance than the parent DREB1A overexpressors (Figures 2a, and 4a and c). In contrast, the GA5 DREB1A double overexpressors showed improved stress tolerance similar to that exhibited by the parent DREB1A overexpressors (Figure 4b and d). These results indicate that the double overexpressors have increased abiotic stress tolerance depending on the expression level of DREB1A.
Here, we demonstrate that compared with the DREB1A overexpressors, the two double overexpressors showed improved growth (Figures 2, 3 and S6) . In addition, the Days to flowering (a, b) Drought stress tolerance of PIF4 DREB1A double overexpressors (a) and GA5 DREB1A double overexpressors (b). Watering was withheld from 3-week-old plants for 2 weeks, and the survival rates were determined after 5 days of recovery following rehydration. Number codes show the number of surviving plants among all plants. In total, 30 plants were used in the survival test. Letters indicate significant differences among the plants (P < 0.01 according to Tukey's multiple range test of the ratio).
(c, d) Freezing stress tolerance of PIF4 DREB1A double overexpressors (c) and GA5 DREB1A double overexpressors (d). The plants were exposed to freezing stress at À10°C, and the survival rates were determined after 5 days of recovery. Scale bars: 1 cm. Letters indicate significant differences among the plants (P < 0.05 according to Tukey's multiple range test of the ratio).
two double overexpressors showed increased drought and freezing stress tolerance in a DREB1A expression leveldependent manner (Figure 4 ). These results indicate that the phenotypes of Arabidopsis plants are affected by both growth-enhancing genes and DREB1A.
Metabolome analysis of double overexpressors
We performed gas chromatography time-of-flight mass spectrometry (GC-TOF-MS) analyses of 2-week-old plants to reveal the metabolite profiles of the two double overexpressors. We detected 37 and 43 metabolites in the PIF4 DREB1A double overexpressors and GA5 DREB1A double overexpressors, respectively (Figures S9 and S10). We first conducted principal component analysis (PCA) to visualize the dynamics of the metabolome profiles ( Figure 5 ). In the case of the PIF4 gene, the first principal component (PC1) and second principal component (PC2) contributed 26.2 and 25.5%, respectively ( Figure 5a ). Using GA5, PC1 and PC2 contributed 31.3 and 23.4%, respectively ( Figure 5c ). Interestingly, the metabolite profiles of the two double overexpressors clearly differed from those of each single overexpressor (Figure 5a and c), indicating that the primary metabolism in the two double overexpressors was additively affected by the overexpression of each transgene. The loading plots show the metabolites that contributed to the separation of the PCA score plots (Figure 5b and d) .
The amounts of compatible solutes contributed to the metabolite profiles in response to the DREB1A overexpression (Figure 5b and d) . In the two double overexpressors, the amounts of galactinol, raffinose, proline and pyroglutamic acid were significantly increased by the DREB1A overexpression relative to those in the vector control plants ( Figures S9 and S10 ). In addition, the amounts of myo-inositol, erythritol and malic acid were increased, whereas the amounts of fructose, ornithine, lysine and urea were decreased by the PIF4 overexpression in the PIF4 DREB1A double overexpressors ( Figure S9 ). Following the overexpression of GA5, the amounts of trehalose, glucose, xylose, myo-inositol, fumaric acid and malic acid were increased, whereas the amounts of phosphoric acid were decreased in the GA5 DREB1A double overexpressors ( Figure S10 ). An increase in malic acid, fumaric acid and citric acid, and a decrease in glucose, fructose, ornithine and lysine were observed in the PIF4 overexpressors ( Figure S9 ). However, a decrease in glucose and fructose was observed in a few transgenic lines of the PIF4 DREB1A double overexpressors ( Figure S9 ). These results suggest that the overexpression of DREB1A affects sugar metabolism mediated by PIF4 overexpression. Furthermore, an increase in fumaric acid and malic acid, and a decrease in ornithine were commonly observed in the PIF4 and GA5 single overexpressors (Figures S9 and S10). These results indicate that the amounts of tricarboxylic acid (TCA) cycle intermediates and ornithine may be associated with plant growth.
Gene expression analysis of the double overexpressors
To reveal the transcript profiles, we performed microarray experiments using the double overexpressors. These gene expression profiles were compared with those of each single overexpressor. We observed common upregulated genes between the DREB1A overexpressors (Kidokoro et al., 2015) and the two double overexpressors, and found that these genes were mainly abiotic stress-inducible genes (Figure 6a and b ; Tables S2 and S3 ). In addition, the downstream genes of PIF4 and GA5 were induced in each double overexpressor (Figure 6a and b; Tables S4 and S5 ). Then, we categorized the upregulated genes in the two double overexpressors according to overrepresentation analyses using agriGO v2.0 software (http://systemsbiol ogy.cau.edu.cn/agriGOv2/; Tian et al., 2017) . The upregulated genes in the PIF4 DREB1A double overexpressors showed higher ratios of both response to abiotic stressrelated and red or far-red light signaling pathway categories (Table S6 ). The upregulated genes in the GA5 DREB1A double overexpressors showed higher ratios of response to abiotic stress-related categories, regulation of peptidase activity-related categories, phosphate ion homeostasis and GA metabolic process (Table S7) . Thus, PIF4, GA5 and DREB1A could each regulate the respective downstream genes even in the double overexpressors.
To characterize the promoters of the upregulated genes in the two double overexpressors, we assessed the enrichment of hexamer sequences in the promoters of these genes in each transgenic plant (Figures 6c and d, and S11) . We compared the frequency of each hexamer sequence in the promoters of genes with normalized frequencies in Arabidopsis promoters . In contrast to the PIF4 single overexpressors, in the PIF4 DREB1A double overexpressors, DRE sequences were observed, while G-box and E-box, which are target elements of the PIF4 protein, were not frequently observed (Figure 6c ). Furthermore, some PIF4 DREB1A double overexpressor-specific elements were enriched in the promoter regions (Figure 6c) . In the GA5 DREB1A double overexpressors, DRE and ABRE sequences were observed among the top 15 most frequent sequences and specific elements were not found ( Figure 6d) .
Next, we confirmed the expression levels of each downstream gene using quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) (Figure 6e and f) . The overexpression of DREB1A upregulated the expression of abiotic stress-inducible genes in the two double overexpressors, but their expression levels in the PIF4 DREB1A overexpressors were lower than those in the DREB1A single overexpressors (Figure 6e and f) . In contrast, these genes were expressed at similar levels in the GA5 DREB1A double overexpressors and the DREB1A overexpressors. The overexpression of PIF4 upregulated the expression of cell elongation-related genes in the PIF4 DREB1A double overexpressors (Figure 6e ). The overexpression of GA5 led to the upregulation of the GA inactivation enzyme gene GIBBERELLIC ACID METHYLTRANSFERASE 2 (GAMT2) and downregulation of the GA biosynthesis enzyme genes GA4 and GA20ox2 in the GA5 DREB1A double overexpressors (Figure 6f) . Furthermore, the overexpression of DREB1A induced the expression of another GA inactivation enzyme gene, i.e. GA2ox7, in the GA5 DREB1A double overexpressors (Figure 6f ). These results indicate that both transgenes additively regulate each target gene even in the double overexpressors ( Figure 6 ).
Plant hormone analysis of GA5 DREB1A double overexpressors
The overexpression of GA5 and DREB1A has been reported to affect endogenous GA levels in Arabidopsis (Huang et al., 1998; Xu et al., 1999; Zhou et al., 2017) . In this study, the repression of GA4 and GA20ox2 expression and the induction of GA2ox7 and GAMT2 expression were observed in the GA5 DREB1A double overexpressors (Figure 6f ). Subsequently, we analyzed the endogenous GA profiles in 2-week-old plants ( Figure 7 ). We observed a reduction in GA20-oxidase substrates (GA 12 , GA 24 , GA 53 and GA 19 ) in the GA5 DREB1A double overexpressors. The amounts of GA20-oxidase products (GA 9 and GA 20 ), bioactive GA 4 , and their deactivated catabolites (GA 34 and GA 8 ) accumulated in the GA5 DREB1A double overexpressors in response to the overexpression of GA5. In addition, the amounts of several substrates of GA2 oxidase (GA 15 and GA 4 ) were decreased in the double overexpressors compared with those in the GA5 single overexpressors. Furthermore, we identified other plant hormone profiles in the GA5 DREB1A double overexpressors (Table S8 ). The amount of indole-3-acetyl-L-aspartic acid (IA-Asp), which is a deactivated conjugate of indole-3-acetic acid (IAA), tended to decrease in the double overexpressors in response to the overexpression of DREB1A, whereas the amount of IAA was unchanged. IAA conjugates play a role in auxin homeostasis in plants, and IA-Asp is converted from IAA by the GRETCHEN HAGEN 3.6 (GH3.6) enzyme in Arabidopsis plants (Staswick et al., 2005) . However, the gene expression of GH3.6 was not induced in the transgenic plants overexpressing DREB1A in this study (Table S3) . Regarding other plant hormones, the amount of salicylic acid slightly decreased, while the amounts of bioactive cytokinins, abscisic acid and jasmonic acid were unchanged in the double overexpressors. These results suggest that GA and auxin homeostasis are also affected in double overexpressors.
DISCUSSION
The molecular breeding of drought stress-tolerant plants is necessary for the stable production of food and energy. Arabidopsis DREB1A has been shown to be a useful gene for improving drought stress tolerance in various crops (Pellegrineschi et al., 2004; Ito et al., 2006; BhatnagarMathur et al., 2014) , but its overexpression also causes growth repression in plants (Liu et al., 1998; Seo et al., 2009 ). In the present study, we sought to promote the growth of DREB1A overexpressors by co-expressing the growth-enhancing genes PIF4 and GA5, which are downregulated under drought stress conditions in Arabidopsis plants (Figure 1) . We generated PIF4 DREB1A double overexpressors and GA5 DREB1A double overexpressors, and performed a multidirectional analysis to evaluate the effects of gene-stacking in plants. Compared with the DREB1A overexpressors, we observed an enhanced biomass and floral induction in the two double overexpressors (Figures 2, 3, 6 and S6 ). In addition, the two double overexpressors showed improved drought and freezing stress tolerance in a DREB1A expression level-dependent manner (Figures 2 and 4) , indicating that PIF4 and GA5 have no direct negative effects on the DREB1A-mediated improvement in abiotic stress tolerance. According to the metabolome and transcriptome analyses, the co-expression of both growth-enhancing genes and DREB1A additively regulated primary metabolism and gene expression in the transgenic Arabidopsis plants ( Figures 5, 6 and S9-S11). We observed an accumulation of raffinose and galactinol in the two double overexpressors at similar levels to the DREB1A overexpressors ( Figures S9 and S10 ). The expression of many downstream genes of each transgene was induced in the two double overexpressors (Figure 6 ; Tables S2-S5), indicating that the overexpression of PIF4 and GA5 did not negatively affect the transcriptional activity of DREB1A in planta. Based on these various changes, the phenotypes of the two double overexpressors were affected by both growth-enhancing genes and DREB1A. Taken together, these data reveal that overcoming the trade-off between growth and tolerance in Arabidopsis plants is possible by demonstrating that the overexpression of growth-enhancing genes whose expression is repressed under drought stress conditions can be an effective strategy for growth promotion in DREB1A overexpressors.
The expression level of GA5 was decreased under the drought stress conditions but unchanged in the DREB1A overexpressors (Figure 1c) . Therefore, we expected GA5 to function independently of DREB1A in transgenic Arabidopsis plants. We could generate GA5 DREB1A double overexpressors expressing levels of DREB1A as high as those in the parent plants (Figure 2b ; Table S1 ). The GA5 DREB1A double overexpressors showed improved growth and seed yield, and the levels of abiotic stress tolerance were similar to those of the DREB1A overexpressors, indicating that trade-off relationships can be relieved by the gene-stacking approach (Figures 2, 4, S6 and S7) . Notably, the overexpression of GA5 also improved rosette growth in the double overexpressors, while the co-expression of PIF4 or OsPIL1 could not enhance the growth of dwarfed rosette leaves caused by the overexpression of DREB1A (Figures 2e and S4d; Kudo et al., 2017) . Interestingly, in these GA 20 Figure 7 . Endogenous gibberellin (GA) levels in GA5 DREB1A double overexpressors. Endogenous GA levels in 2-week-old transgenic plants. GAs are shown according their order in the biosynthesis pathway. ND indicates not detected. The error bars show the SD of more than three samples. The letters indicate significant differences among the samples (P < 0.05 according to Tukey's multiple range test). Solid and dashed lines indicate GA biosynthesis and deactivation pathways, respectively. GGDP, geranylgeranyl diphosphate; GA2ox, GA 2-oxidase; GA20ox, GA 20-oxidase; GA3ox, GA 3-oxidase. double overexpressors, the expression of GA biosynthesis/ catabolism-related genes was affected by the overexpression of both GA5 and DREB1A. GA levels have been reported to be controlled by feedback regulation in Arabidopsis plants overexpressing GA20 oxidases (Coles et al., 1999) . The suppression of GA4 and GA20ox2 and the induction of GAMT2 in the GA5 DREB1A double overexpressors suggest that feedback regulation could be activated by the overexpression of GA5 (Figure 6f ). Furthermore, DREB1 family genes are known to upregulate GA2ox7 expression and reduce bioactive GA levels (Magome et al., 2004 (Magome et al., , 2008 Zhou et al., 2017) . The induction of GA2ox7 was also observed in the GA5 DREB1A double overexpressors by the overexpression of DREB1A (Figure 6f ). We show that the overexpression of GA5 caused the accumulation of bioactive GA 4 (Figure 7) . However, the level of GA 4 in the GA5 DREB1A double overexpressors was lower than that in the GA5 single overexpressors (Figure 7) . These results suggest that the levels of GA 4 in the GA5 DREB1A double overexpressors were affected by both transgenes and, therefore, the double overexpressors showed intermediate and appropriate growth phenotypes between the wild-type and GA5 single overexpressors (Figures 2, 3 and 7) . Thus, it can be concluded that the combination of DREB1A and GA5 is one of the most suitable combinations for overcoming the trade-off between plant stress tolerance and growth under drought conditions.
We expected the overexpression of PIF4 to improve the growth of DREB1A overexpressors as its expression was repressed both under drought stress conditions and in DREB1A overexpressors (Figure 1) . Additionally, we also expected that endogenous PIF4 can upregulate many more growth-enhancing downstream genes than exogenous OsPIL1 in Arabidopsis (Kudo et al., 2017) . However, in contrast to the OsPIL1 DREB1A double overexpressors, we could not obtain PIF4 DREB1A double overexpressors expressing DREB1A at levels as high as their parent plant ( Figure 2a ; Table S1 ; Kudo et al., 2017) . We were able to obtain OsPIL1 DREB1A double overexpressors expressing DREB1A at high levels, but the biomass of these plants was not increased compared with that of the parent DREB1A overexpressors (Kudo et al., 2017) . Moreover, the OsPIL1 DREB1A double overexpressors flowered a mere 3-8 days earlier than the DREB1A overexpressors (Kudo et al., 2017) . In this study, the rosette size, biomass and flowering time of the PIF4 DREB1A double overexpressors were equivalent to those of the vector control plants (Figures 2 and 3) , indicating that the severe growth retardation caused by the overexpression of DREB1A is relieved to a greater extent by the overexpression of PIF4. In addition to the effect of PIF4 overexpression, the decreased expression levels of DREB1A seemed to cause improved growth in the PIF4 DREB1A double overexpressors (Figures 2 and 3) . We demonstrated that PIF4 and DREB1A did not negatively affect each other's transactivation activities using Arabidopsis protoplasts ( Figure S2 ), suggesting that PIF4 does not directly repress the transactivation activity of DREB1A. On the other hand, several PIF family proteins have been reported to bind the promoter regions of DREB1 family genes and repress their gene expression (Kidokoro et al., 2009; Cordeiro et al., 2016; Jiang et al., 2017) . We found repressed expression levels of DREB1A in the PIF4 DREB1A double overexpressors and considered that the expression of the DREB1A gene may also be suppressed by PIF4 in the double overexpressors (Figure 1c) . Thus, the overexpression of PIF4 resulted in low expression levels of the negative growth regulator gene, DREB1A, using the internal transcriptional regulation system in plants. Therefore, the PIF4 DREB1A double overexpressors showed improved growth but could not maintain high levels of stress tolerance compared with the DREB1A single overexpressors.
The relationships between the amounts of metabolites and plant biomass are still not fully understood. Increases in TCA cycle intermediates, such as fumaric acid and malic acid, were commonly observed in both the PIF4 overexpressors and GA5 overexpressors ( Figures S9 and S10) . Previously, we also observed an accumulation of these metabolites in OsPIL1 overexpressors (Kudo et al., 2017) . Primary metabolites, including TCA cycle intermediates, have been reported to be negatively correlated with the biomass of an Arabidopsis recombinant inbred line population (Meyer et al., 2007) , suggesting that these metabolites are consumed to promote plant growth. Our results indicate that the overexpression of growth-enhancing genes, such as PIF4 and GA5, can increase the pool size of TCA cycle intermediates. We provide new insight into the levels of these metabolites, which could be positive indicators of plant growth.
The two double overexpressors showed intermediate growth compared with each single overexpressor (Figure 2) , indicating that the promotion of growth by PIF4 and GA5 was negatively affected by DREB1A. Thus, understanding the mechanisms of DREB1A-mediated growth repression in Arabidopsis plants is important. Recently, the upregulation of GA2ox7 and RGL3 expression was reported to be associated with growth repression by the overexpression of DREB1A (Zhou et al., 2017) . In the present study, we also observed increased expression levels of these genes in the GA5 DREB1A double overexpressors compared with the levels in the GA5 single overexpressors (Figure 6d ; Table S3 ), indicating that the induction of these genes may negatively affect the growth of double overexpressors. Thus, we expected that the combination of the suppression of these genes and gene-stacking could improve the growth of DREB1A overexpressors.
We discovered that overcoming the trade-off between growth and abiotic stress tolerance in plants is possible using a gene-stacking approach with genes whose expression is repressed under drought stress conditions in Arabidopsis. On the other hand, Erianthus was reported to show high levels of both growth ability and drought stress tolerance even without the gene-stacking approach (Augustine et al., 2015) . However, in this plant as well as in Arabidopsis, DREB expression was increased under drought stress conditions, and expansin gene expression was associated with growth retardation under the stress conditions (Augustine et al., 2015) . Furthermore, expression levels of growth-regulating genes were decreased in many plant species, including sugarcane, a species closely related to Erianthus, under the stress conditions (Rocha et al., 2007) . These reports suggest that there is a common regulatory mechanism of growth retardation in response to drought stress between Arabidopsis and Erianthus. The gene-stacking approach is expected to be useful for increasing levels of both growth ability and stress tolerance in various plants, including Erianthus. We expect to obtain additional knowledge by performing further gene-stacking analyses, including the co-expression of multiple growth-enhancing genes and the use of crops, such as rice, soybean and sugarcane. Our study provides an index for the selection of growthenhancing transgenes for genetic modification to improve both growth and drought stress-tolerance in various plants.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) ecotype Columbia plants were grown on the Murashige-Skoog (MS) agar medium at 22°C under a 16 h:8 h light:dark cycle at a photon flux density of 40 AE 10 lmol m À2 sec
À1
, as previously described (Yamaguchi-Shinozaki and Shinozaki, 1994) . The agar medium contained 0.83% Bacto TM Agar (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), 3% sucrose, 1 9 Gamborg's vitamin solution (Sigma-Aldrich, St Louis, MO, USA) and 1 9 MS Plant Salt Mixture (Wako Pure Chemical Industries, Wako, Japan).
Transient reporter assays of Arabidopsis protoplasts
Transient expression assays using Arabidopsis mesophyll protoplasts were performed as previously described (Kidokoro et al., 2009; Mizoi et al., 2013) . The effector plasmids were constructed as described in Figure S2a . Plasmids containing 12 tandem repeats of a 28-bp G-box-containing fragment (G-box:GUS) or three tandem repeats of a 71-bp DRE-containing fragment (DRE: GUS) were used as reporters (Liu et al., 1998; Todaka et al., 2012 ). An emerald luciferase (ELUC) reporter gene driven by the CaMV 35S promoter (35SΩ:ELUC) was used as an internal control (Mizoi et al., 2013) .
Construction of plasmids and generation of PIF4/GA5 and DREB1A double-overexpressing plants
We used a pGKX vector including the kanamycin resistance gene as a binary vector (Qin et al., 2008) . To generate the PIF4 and GA5 single overexpressors, the coding sequences were inserted into the backbone of the binary vector to construct pGKX-35SΩ:PIF4 and pGKX-35SΩ:GA5 plasmids. Arabidopsis plants were transformed using the floral-dip method (Clough and Bent, 1998) . PIF4 DREB1A double-overexpressing Arabidopsis plants were generated by crossing DREB1A single overexpressors (Kudo et al., 2017) with PIF4 single overexpressors (Table S1 ). GA5 DREB1A double overexpressors were obtained by Agrobacterium-mediated transformation with DREB1A single overexpressors (Table S1 ).
Drought and freezing stress tolerance tests
The drought stress treatment was performed as previously described (Kudo et al., 2017) , with minor modifications. Watering was withheld from 3-week-old plants in soil pots for 2 weeks, and the survival rates were determined after 5 days of recovery following the drought stress treatment. A freezing stress treatment was performed as previously described (Kidokoro et al., 2015) , with minor modifications. The plants were grown on 0.83% agar medium containing 3% sucrose for 9 days, and then in 1.2% agar medium containing 1% sucrose for 7 days. The 16-day-old plants were transferred to À2°C from 22°C. After 1 h, the plates were sprinkled with ice chips, and the temperature was lowered at a rate of À1°C h À1 to À10°C. The plates were removed from the freezer, thawed overnight at 4°C under dark conditions, and incubated at 22°C under 16 h:8 h light:dark conditions. The survival rate was determined after 5-7 days of recovery following the freezing stress treatment.
Metabolome analysis
Metabolites were extracted from whole plants grown on the agar medium for 2 weeks. The extraction, derivatization and GC-TOF-MS analyses were performed as previously described (Lisec et al., 2006) . The data were processed using TagFinder (Luedemann et al., 2008) and Xcalibur software (Thermo Scientific, Waltham, MA, USA), and the relative amounts of metabolites were normalized using ribitol as an internal standard and the fresh weight of the transgenic plants, as previously described (Kudo et al., 2017) .
Quantitative reverse transcriptase-polymerase chain reaction analysis
Total RNA was isolated from rosette leaves or whole plants using RNAiso plus (TaKaRa Bio, Otsu, Japan) according to the manufacturer's instructions. The cDNA synthesis and quantitative RT-PCR were performed as previously described (Kudo et al., 2017) . The relative expression levels were normalized to isopentenyl pyrophosphate:dimethylallyl pyrophosphate isomerase 2 (IPP2; Imaizumi et al., 2005) . The primer sequences are shown in Table S9 .
Microarray experiment and data processing
Transcriptome analyses using the 44K Arabidopsis microarray (Agilent Technologies, Agilent Technologies, Palo Alto, CA, USA) and data processing were performed as previously described (Kudo et al., 2017) , with minor modifications. The normalization and statistical analyses of the data were performed using Subio Platform software (https://www.subio.jp/). The signal intensities were normalized using the Lowess method, and the significance of the expression changes was evaluated by one-sample t-tests. Probes with P-values of less than 0.05 were used for further analyses. All microarray data are available at ArrayExpress under accession numbers E-MTAB-6549 and E-MTAB-6550. quantification were performed as described previously (Kojima et al., 2009; Shinozaki et al., 2015) using an ultra-performance liquid chromatography (UPLC)-electrospray interface (ESI)-quadrupole-tandem mass spectrometer (AQUITY UPLC TM System/Xevo-TQS; Waters, Milford, MA, USA) or using an ultra-high-performance liquid chromatography (UHPLC)-ESI-quadrupole-orbitrap mass spectrometer (UHPLC/Q-Exactive TM ; Thermo Scientific) with an ODS column (AQUITY UPLC BEH C18 1.7 lm, 2.1 9 100 mm; Waters). The amounts of plant hormones were normalized to the fresh weight of the plants.
Accession numbers
Sequence data reported in this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: PIF4 (AT2G43010), DREB1A (AT4G25480), GA20ox1 (AT4G25420), RD29A (AT5G52310), ANT (AT4G37750), ARGOS (AT3G59900), EXPA1 (AT1G69530), EXPA8 (AT2G40610), GA4 (AT1G15550), GA5 (AT4G25420), YUC8 (AT4G28720), COR15A (AT2G42540), GolS3 (AT1G09350), ATHB2 (AT4G16780), HFR1 (AT1G02340), IAA29 (AT4G32280), GA20ox2 (AT5G51810), GA2ox7 (AT1G50960), GAMT2 (AT5G56300) and IPP2 (AT3G02780).
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